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Survival and Recruitment of Rehabilitated Caspian 1 
Southern California 


Julie M. Skoglund,!* Rebecca S. Duerr,! and Charles T. Collins” 


' International Bird Rescue, Los Angeles Center, 3601 South Gaffey Street, San Pedro, 
California 90751 
? Department of Biological Sciences, California State University, Long Beach, 
California 90840-3702 


Every year thousands of birds are brought into care centers for rehabilitation in hopes 
that they can be treated and returned to the wild (McRuer et al. 2017). Many are victims 
of oil spills and other anthropogenic activities (Duerr et al. 2016; Henkel and Ziccardi 
2018). In southern California, International Bird Rescue, Los Angeles (hereafter “IBR’’) 
rehabilitates and releases 300 to 500 aquatic birds annually. Caspian Terns (Hydroprogne 
caspia) are among the many species of birds treated at IBR. Caspian Terns currently breed 
at three colony sites in southern California (Cuthbert and Wires 1999; Suryan et al. 2004; 
Collins 2006). Two of these sites—Pier 400 in the Port of Los Angeles, Los Angeles County 
(“Pier 400’), and Bolsa Chica State Ecological Reserve in northern Orange County (“Bolsa 
Chica’”’)—are approximately 18 km apart. The third is 180 km south on salt evaporation 
pond levees in the South San Diego Bay Unit of the San Diego Bay National Wildlife 
Refuge (“Salt-Works”’) (Collins 2006). Since 2001, when IBR opened its Los Angeles facil- 
ity, 69 Caspian Terns have been rehabilitated. Forty-four (63%) of these terns came from 
two separate incidents on barges anchored in Long Beach Harbor; nine others (13%) had 
injuries related to fish hooks and entanglement in fishing line. These barges presented an 
island-like habitat for nesting in an area that historically had islands available. Caspian 
Terns are known to have a prolonged post-fledging period during which young terns ac- 
company their parents on foraging trips and migration (Cuthbert and Wires 1999), and 
thus it was not certain whether chicks rescued from these events and raised in captivity 
would survive and subsequently recruit into the breeding population. 

_ The first barge incident took place in 2006 when an estimated 360 pairs of Elegant Terns 
(Sterna elegans) and 586 pairs of Caspian Terns nested on two barges anchored in the outer 
Long Beach Harbor (California Department of Fish and Wildlife, 2007 unpublished data). 
The barges’ owners directed their employees to wash the nests and small chicks overboard 
prior to moving the barges out of the area. This was an illegal activity, since these species 
are protected under the Migratory Bird Treaty Act of 1918 (the owners were successfully 
prosecuted and damages were assessed). Most of the chicks died; 413 dead chicks were 
recovered (California Department of Fish and Wildlife, 2007 unpublished data). Twenty- 
six chicks were rescued and taken to IBR for rehabilitation and release. One Caspian Tern 
chick was euthanized after 44 d in care because of an elbow infection; one Elegant Tern 
chick was euthanized on arrival because of a wing fracture. On average the chicks were in 
care at IBR for 46 d (range was 43-52 d). Nine Elegant Tern and 15 Caspian Tern chicks 
survived and were deemed strong enough to be safely released to the wild (Table 1). Since 
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Table 1. Age, admission weight, and final disposition of Caspian ad Elegant Tern chicks admitted for 
rehabilitation after 2006 and 2007 barge incidents. 


Admission weight (g) Days in care Disposition 
Year, age Mean- Range Mean Range Euthanized Released N 
Caspian Terns 
2006 | 
Downy 263.0 190-336 50.8 50-52 4 4 
Pre-fledge 460.5 344-566 50.5 44-52 | 10 11 
2007 
Downy 294.0 61 ] ] 
Pre-fledge 517.0 397-684 8.3 232 2 25 pig 


Elegant Terns 
2006 178.4 74-216 41.5 1-57 ] y 10 


* Adult body mass Caspian Tern: 538-782g (Cuthbert and Wires 1999). 
** Mean shown includes birds kept longer due to injury. 


adult Elegant Terns were still foraging in Los Angeles Harbor, the Elegant Tern chicks were 
released locally to join them prior to leaving on migration. Since most of the adult Caspian 
Terns had already departed, the Caspian Tern chicks were released at Salton Sea National 
Wildlife Refuge. The Salton Sea is an important migratory stop-over and foraging location 
for Pacific Coast Caspian Terns (Craig and Larson 2017). 

The second barge incident took place in 2007 when a group of Caspian Terns nested 
on the flat deck of the Arctic Challenger, a large sea-going barge anchored in Long Beach 
Harbor (Ross 2008). The colony was estimated to be fewer than 100 pairs (Ross 2008), 
but it was not possible to get a definite count given that human disturbance can cause 
colony desertion (Cuthbert and Wires 1999). In late July 2007, several larger, nearly fledged 
chicks were found swimming near the barge. These had likely fallen off the flat edge of the 
deck, but numerous potential human disturbances that had taken place in the harbor near 
the barge during the nesting period may have contributed to these chicks falling into the 
water (Ross, 2008). Additionally, some chicks, having made a first flight off the barge, may 
have lacked the strength to return to the elevated deck and instead landed in the water 
nearby. Twenty-eight chicks were rescued and taken to IBR for rehabilitation. Chicks were 
deemed to be in releasable condition if in good body condition with blood values within 
normal limits and normal waterproof plumage, and if they were free from injuries or signs 
of disease. One chick with respiratory problems was euthanized. Most chicks were held at 
IBR for 2-5 d (Table 1), the intent being to reunite them with their colony at the barge and 
ideally with their parents. Four chicks were held longer at IBR because of age or injury, 
and were released at the Salton Sea in the same manner used in the 2006 release described 
above. 

Twenty-three chicks were returned via boat to the vicinity of the barge over the course of 
several days while adults were still in the vicinity. All chicks being released were removed 
from transport kennels and held in hand to encourage vocalization in order to draw the 
attention of the adult terns on and near the barge. Once several adult terns were vocaliz- 
ing and flying overhead, the chicks were allowed to fly away at will, and appeared to join 
the adults. It is unknown, but possible, that individual chicks were reunited with their par- 
ents or were adopted by other adults, a phenomenon reported for two other tern species 
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Table 2. Sightings of rehabilitated Caspian Terns at nesting colonies at Bolsa Chica and Pier 400. Iden- 
tification of individual terns made by reading U.S. Fish and Wildlife Service numbered aluminum bands 
with a 20x-60x zoom spotting scope. Search effort varied by year. 


Band number 2009 2010 2011-4 Z20ED 2016 2017 2018 2019 


925-76171 - BC . P . 
925-76178 BC/P400 BC . . " 
1035-45297 2 2 

1035-45303 = 2 : é 
1035-45312 - : i P400 
1035-45318 . < 


P400 P400 P400 
P400 - 


P400 


BC = BolsasC hica. 
P400 = Pier 400. 


(Saino et al. 1994). One of these chicks was discovered several days later with an injured 
carpal joint. An adult remained attentive by vocalizing and flying overhead until IBR staff 
removed the chick from the area. That injured chick was later euthanized. The ability of 
young Caspian Terns to dive and catch fish takes at least 60 d to develop (Cuthbert and 
Wires 1999). Juveniles tend to stay with, and be fed by, parents for several months (Cuth- 
bert and Wires 1999). Accordingly, releasing young birds in the company of adults was 
thought to be important to their learning to forage for themselves and to follow on the 
subsequent migration to wintering areas. The 2007 juveniles that were released locally may 
have joined adults from the barge-nesting colony, and possibly their parents, before leaving 
on migration. | 

Although IBR bands most birds at release and has banded more than 24,000 rehabil- 
itated birds since 2002, band recoveries are not common. An important question 1s how 
many rehabilitated birds survive and ultimately rejoin the breeding population. Several 
Caspian Tern chicks rehabilitated in 2006 and 2007 not only survived and rejoined a lo- 
cal breeding population, but also demonstrated subsequent nest-site fidelity (Table 2). Of 
the 15 chicks rehabilitated and released at the Salton Sea in 2006, two were seen breeding 
in 2009 and 2010 in the colony at Bolsa Chica (Table 2). One of these two was then ob- 
served at Bolsa Chica on 16 May 2009 and identified at Pier 400 on 25 June 2009. Such 
inter-colony movement of breeding adults between Bolsa Chica and Pier 400 was noted 
previously (Collins 2006). Of the 23 terns released in Long Beach Harbor in 2007, four 
have been sighted as adults breeding in the Pier 400 colony (Table 2). 

Caspian Terns typically start breeding when three years old (Cuthbert and Wires 1999), 
but none of the 2007 chicks were observed until they were eight to ten years old. No 
searches for banded Caspian Terns have been made at Salt-Works since 2007. One addi- 
tional encounter with a banded tern was discovered in an examination of North American 
encounter data for Caspian Terns provided by the USGS Bird Banding Laboratory. In this 
encounter (1035-45301), the bird was recovered on 23 May 2011 near Laguna Beach in 
southern Orange County after becoming entangled in fishing line. Unfortunately, the band 
was removed before the bird’s release, so any affinity to one of the breeding colonies could 
not be determined. Annual survival of adult Caspian Terns is high, with some individuals 
reaching an age of >26 yr (Ludwig 1965). An adult originally banded as a chick at Bolsa 
Chica was observed at Pier 400 in 2017 at 23 years of age. However, the period of greatest 
mortality for Caspian Terns is the first six months of life (Ludwig 1942; Ludwig 1965), and 
~ only 57% of fledglings reach adulthood on the Pacific Coast (Gill and Mewaldt 1983). 
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We do not know which colonies were used by the unbanded barge-nesting adult terns in 
the years subsequent to 2006 and 2007. The fidelity of first-time breeding Caspian Terns to 
their natal colony is low (10%) (Cuthbert and Wires 1999). However, older adult Caspian 
Terns show substantial colony-site fidelity, with 69% being recorded at the same colony 
two years in a row, particularly if they bred successfully in the first year (Cuthbert 1988; 
Cuthbert and Wires 1999), and 29% breeding at nearby colonies. One of the 2006 chicks in 
this study bred in two successive years at Bolsa Chica, and one of the 2007 chicks bred in 
three successive years at Pier 400 (Table 2). The future survival and degree of colony-site 
fidelity of other 2007 individuals remain to be determined. 

The observations reported here provide information on the survival of some of the 
Caspian Terns rehabilitated in southern California and their subsequent recruitment into 
a local breeding population. These observations also support high nest-site fidelity in this 
species. The rehabilitative efforts described were aided by several factors: the chicks entered 
care in sizable groups rather than as single chicks, many of the chicks were pre-fledglings 
so had spent several weeks with their parents, and the release locations and circumstances 
were very carefully chosen. Barges are not thought to be preferable to natural locations as 
nesting sites for Caspian terns, except possibly as a temporary option when new natural 
sites are being developed. The limited success in rearing young tern chicks in captivity, as 
documented here, does not suggest this is a viable alternative for augmenting populations 
of critically endangered species such as the Chinese crested tern (Sterna bernsteini). How- 
ever, our results do suggest that, when properly conducted, ex situ conservation methods 
may prove successful in salvaging individuals that might otherwise perish because of an 
acute calamity at a critically endangered breeding colony. It remains possible that Caspian 
Terns may be more behaviorally flexible than previously thought with regard to acquiring 
adult life skills, but this may or may not be the case for other tern species. 
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Abstract.—Synergistic effects of habitat loss, drought, and climate change exacerbate 
amphibian declines. In southern California urbanization continues to convert natural 
habitat, while prolonged drought reduces surface water availability. Protection of bio- 
diversity may be provided through mitigation; however, the long-term effectiveness of 
different strategies is often unreported. As a mitigation measure for building a new 
development within occupied Spea hammondii (western spadefoot) habitat in Orange 
County, California, artificial breeding pools were constructed at two off-site locations. 
Spea hammondii tadpoles were translocated from the pools at the development site to 
two off-site locations in 2005—2006. We conducted surveys a decade later (2016) to de- 
termine if S. hammondii were persisting and breeding successfully at either the original 
development site or the human-made pools at the two mitigation sites. We also verified 
hydroperiods of any existing pools at all three locations to see if any held water long 
enough for successful S. hammondii recruitment through metamorphosis. 

During our study, no pooling water was detected at two of three main sites sur- 
veyed, and no S. hammondii were observed at these locations. Twelve of the 14 pools 
created at only one of the two mitigation sites held water for over 30 d, and we detected 
successful breeding at seven of these pools. Recruitment in some mitigation ponds in- 
dicated that S. hammondii habitat can be created and maintained over 10+ yr, even 
during the fifth year of a catastrophic drought. Therefore, this may also serve as a 
conservation strategy to mitigate climate change and habitat loss. 


Global amphibian declines have been documented since the 1970s and are attributed 
to various causal factors (Blaustein and Wake 1990; Wyman 1990; Wake 1991; Drost and 
Fellers 1996; Fisher and Shaffer 1996; Grant et al. 2016), but habitat loss and degradation 
are cited as the most significant (Denton and Richter 2013; Thompson et al. 2016). In 
arid regions such as the US southwest, drought and climate change exacerbate declines, 
especially in regions with extensive urbanization (Diffenbaugh et al. 2015; Neal et al. 2018). 
The combination of these conditions can make life cycle completion challenging for pond- 
dwelling amphibians. Southern California is a region with high levels of urbanization that 
has experienced prolonged drought and is home to a suite of pond-dependent amphibians 
that have undergone major declines (Griffin and Anchukaitis 2014; Thomson et al. 2016). 

In southern California there are four native species of anurans that use ponds or lentic 
pools for breeding (Fisher and Shaffer 1996). Of these, Spea hammondii is the only species 


* Corresponding author: chitchcock@usgs. gov 


MITIGATION PONDS FOR SPADEFOOT 7 


that primarily uses non-permanent water sources for egg laying and larval development. 
Furthermore, ponds and vernal pools in this region are often isolated from one another, 
which makes amphibian populations less likely to recover if habitat is degraded and 
fragmentation becomes a problem (Denton and Richter 2013; Thomson et al. 2016). 
Restoration and mitigation can involve creating artificial ponds in adjacent or nearby sim- 
ilar habitat (Pechmann et al. 2001; Searcy and Shaffer 2008; Rannap et al. 2009). However, 
mitigation ponds/pools often do not mimic natural conditions and processes effectively 
and may not be successful (Lichko and Calhoun 2003; Arendt and Hoang 2005; Denton 
and Richter 2013). Conditions such as suitable hydroperiod, temperature, pH, and con- 
ductivity often cannot be replicated in artificial ponds but are important for breeding and 
developing amphibians, which frequently have specific thermal and chemical tolerances 
during their fully-aquatic stage. For instance, S. hammondii require a specific hydroperiod 
among other conditions for larval development, and this hydroperiod is less likely to occur 
during periods of drought. 

A recent study using both mitochondrial and nuclear markers indicates that S. ham- 
mondii is comprised of two genetically distinct groups separated geographically by the 
Transverse Ranges of southern California (Neal et al. 2018). Though not designated as 
distinct species, the two clusters should be treated as separate conservation units as there 
is no current gene flow between them (Neal et al. 2018). Furthermore, the southern group 
has lost significantly more native habitat than its northern counterpart.! This study focuses 
on artificial habitats within the southern part of the range. | 

Spea hammondii has conservation status at several levels. The species is listed as Near 
Threatened by the International Union for Conservation of Nature,” under review for 
federal listing by US Fish and Wildlife Service (ECOS January 2020), a California De- 
partment of Fish and Wildlife (CDFW) Species of Special Concern, Bureau of Land 
Management (BLM) Sensitive Species (California Department of Fish and Wildlife 2019), 
and Natural Community Conservation Plan County of Orange Covered Species (Orange 
County NCCP/HCP 1995).* Spea hammondii are small, nocturnal, burrowing anurans. 
The adults emerge from their burrows to breed during and immediately after rain events. 
Breeding typically occurs during a short window of time (2-3 wk) but has also been 
documented multiple times in one season, and time within-season might vary depending 
on weather patterns (Morey 2005; Morey and Reznick 2004; Ervin et al. 2005; Ervin and 
Cass 2007; Thompson et al. 2016). Historically, these anurans breed in vernal pools but are 
also known to take advantage of any seasonal water body, such as road ruts, cattle ponds, 
and artificial pools. Use of these anthropogenic habitats has been attributed to the fact 
that in southern California, more than 80% of historical S. hammondii habitat has been 
lost to development (Thompson et al. 2016).! Though the minimum time period for lar- 
val development in the laboratory was 14 d (Morey and Reznick 2004), in the wild pools 
must persist for a minimum of 30 d for S. hammondii larvae to complete development and 
metamorphose, regardless of habitat type (natural or anthropogenic; Morey and Reznick 


Jennings, M.R., and M.P. Hayes. 1994. Amphibian and reptile species of special concern in California. 
California Department of Fish and Game, Rancho Cordova, California 255pp. 

“IUCN Red List. 2016. Spea hammondii. The IUCN Red List of Threatened Species 2016: 
http://www.iucnredlist.org/. 

* Natural Community Conservation Plan and Habitat Conservation Plan. County of Orange Central & 
Coastal Subregion Parts I & Il: NCCP/HCP. 1995. Prepared for County of Orange Environmental Man- 
agement Agency (December 7, 1995). 418 pp. 
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2004). Desiccation of larvae due to pools drying is frequent and widely documented for 
this species (Feaver 1971; Morey and Reznick 2004; Thompson et al. 2016). 

Conservation planning for Orange County identified S. hammondii as a species requir- 
ing protection. Most of the remaining historical breeding pools in Orange County are on 
reserves or other protected open space. Three sites; (Irvine Mesa, Shoestring Canyon, and 
East Orange) are within reserves owned by Orange County (OC) Parks. They are located 
near the eastern side of OC in the foothills of the Santa Ana Mountains (Fig. 1). 

Planned development was expected to affect ten S. hammondii breeding pools located 
at a site in East Orange. As mitigation to offset the development impacts, Glenn Lukos 
Associates, Inc., a private biological and wetland restoration consulting group, created 15 
breeding pools at Irvine Mesa and six more pools at Shoestring Canyon, approximately 
6.5 km to the northwest of Irvine Mesa (Fig. 1). Spea hammondii egg masses and larvae 
were translocated from the East Orange site to the mitigation pools at Irvine Mesa and 
Shoestring Canyon by Glenn Lukos in the winters of 2005 and 2006. Glenn Lukos Asso- 
ciates, Inc. monitored the translocation sites for five consecutive years to determine the suc- 
cess of the relocation. Although the development at East Orange never took place, Google 
Earth’s satellite mapping shows that nine of the ten original natural pools were destroyed 
likely by agricultural disking sometime between September 2010 and March 2011.* 

To determine if the mitigation ponds were sustaining S. hammondii 10 yr post transloca- 
tion, we revisited the translocation sites in 2016. Sites were surveyed and assessed for the 
presence of the S. hammondii eggs, tadpoles, and adults at the mitigation ponds of Irvine 
Mesa and Shoestring Canyon. The original source ponds at East Orange were also as- 
sessed. The specific objectives of these surveys were to: 1) determine if S. hammondii were 
present at these sites, 2) determine which mitigation pools remained suitable for S. ham- 
mondii breeding, and 3) determine the hydroperiods of pooling habitat during the extreme 
drought. 


Materials and Methods 


The study area for this project included East Orange, Shoestring Canyon, and Irvine 
Mesa, within Orange County, California (Fig. 1). We determined S. hammondii presence 
and potential recruitment success using three methods: 1) nighttime visual encounter sur- 
veys for adults, 2) daytime visual encounter surveys for evidence of breeding (egg masses 
and larvae), and 3) monitoring of breeding pools until metamorphosis of the larvae. If 
pools could not be completely surveyed for larvae by visual inspection alone, we used dip 
nets to complement the survey. Three nighttime surveys were conducted at each site, tar- 
geting adult S. hammondii. On rainy nights we initiated surveys at the pools. Following 
an initial pool search, we walked spiraling outward around the pool at least 50 m into 
the terrestrial habitat, and searching continued between pools and throughout the site. We 
spent minimum of 4 hr searching each site during each night survey beginning about one 
half hour after sunset. We recorded all amphibian species encountered. All adult S. ham- 
mondii were weighed, measured, and their sex recorded. Additionally, versatile fairy shrimp 
(Branchinecta lindahli) were recorded when present. Daytime and nighttime surveys were 
conducted every 1-2 wk from 29 December 2015 to 28 April 2016, until S. hammondii 


* Google Inc. 2013. Google Earth (Version 7.1.2.20141) [Computer program]. Available at 
https://www.google.com/earth/. Accessed 18 April 2016. 
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Fig. 1. Speahammondii (western spadefoot) monitoring pools at East Orange donor site, and mitigation 
sites at Shoestring Canyon, and Irvine Mesa, 2016. 


larvae metamorphosed or the pools dried. If the pool dried, monitoring ceased. If there 
was measurable rainfall afterwards, we resumed monitoring of that pool. 

At each pool surveyed, we also recorded pool depth and basic water quality parameters 
(pH, conductivity, temperature). At pool locations that looked likely to hold water, we in- 
stalled a water depth gauge and a Stream Temperature, Intermittency and Conductivity 
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(STIC) logger (Chapin et al. 2014). The water depth gauges we installed were simple 
0.5 cm X 6.5 cm X 1.244 m fiberglass stream gauges (Forestry Suppliers Inc, Jackson, 
MS) fastened vertically to a ~0.6 cm X 61 cm rebar, which was pounded into the lowest 
point of the pool depression. The PVC had measurement lines at 2 cm intervals that were 
easy to read at a distance to record depth of water during each site visit. These provided a 
visual indication of pool depth throughout the breeding and larval development seasons. 
The STIC loggers are Onset Hobo Pendant temperature and light data loggers (Model UA- 
002-64) that have been modified to collect relative conductivity when submerged (Chapin 
et al. 2014). They can also be used to indicate water presence because when STICs are no 
longer submerged in water the conductivity will be zero (though this must be verified dur- 
ing surveys). Conductance was recorded via modification of the STIC light sensor, which is 
capable of measuring intensities between 0 and 330,000 lux. The light sensor was removed 
and two electrodes were attached to the open contacts to record electrical conductivity 
(EC) corresponding to this same 0—330,000 range, with 0 representing no water (Chaplin 
et al., 2014). Therefore, STICs have a different electrical conductivity (EC) signal rang- 
ing from 0 to 330,000 (formerly lux, but as EC has undefined units), because they record 
relative conductivity (RC) not specific conductivity (SC). A mathematical conversion pro- 
vided by Chapin et al. (2014) may be applied post hoc to convert the EC readings to spe- 
cific conductance (SC) in wS. The STIC measurements were compiled and summarized in 
Microsoft Excel. We statistically compared pH, conductance, temperature, and hydrope- 
riod between pools with tadpoles and pools without. We used 2-tailed t-tests for each water 
parameter. Computations were made using Microsoft Excel. 


Results 


The year 2016 was the fifth year of an extreme drought in southern California and a 
decade post translocation. In 2016 we surveyed all potential pools that remained from 
2006 at the original East Orange location (n = 10), plus any newly discovered pools at 
that site in 2016 (n = 4). We also surveyed all pools created in 2006 at the mitigation sites, 
totaling seven at Shoestring Canyon and 14 at Irvine Mesa. We summarized which pools 
had S. hammondii, which had other anurans and fairy shrimp, what the average water 
temperatures were, and how long hydroperiods were at each pool (Tables 1-3). Many of 
the potential pools were simply dry depressions in the landscape that had the structure to 
hold water after rain events. 

We identified five potential S. hammondii pools in 2016 at East Orange before the rainy 
season. One was from the original set of 10 pools surveyed in 2005-2006, and four were 
newly discovered on the property (Table 1). None held water during the winter of 2016 
and no evidence of S. hammondii breeding was detected. We did not detect any adult 
S. hammondii during the surveys conducted at the East Orange site (Table 1), although 
other pond-breeding anuran species were detected. 

None of the six mitigation pools at Shoestring Canyon held water during the 2016 rainy 
season. We found no evidence of S. hammondii breeding in any of the pools or in the nearby 
creek bed. We found no adult S. hammondii during the three nighttime surveys conducted 
at this site. In addition to the six pools built by Glenn Lukos Associates, Inc., we identified 
another possible pool behind an old berm (Pool 8), however no S. hammondii were detected 
there. 

Twelve of the 14 mitigation pools at Irvine Mesa held water for >30 d. During our 
2016 surveys, two of the mitigation pools built by Glenn Lukos Associates, Inc. merged 
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Table 1. Summary of S. hammondii (western spadefoot) observed (indicated as “X,” not observed indi- 


cated as “—”) at each monitoring pool in 2016 compared to translocations done in 2006. 
Spadefoot Spadefoot 
Egg Spadefoot Spadefoot Spadefoot Tadpole 
Spadefoot Masses Tadpoles Metamorphs Adults Desiccation 
Site Pool 2006 2016 2016 2016 2016 2016 
East Orange ] ~ — - - - - 
(1-10 were original, 2 — ~ — — ~ - 
11-14 were newly 3 ~ - — - ~ ~ 
discovered in 2016) 4 - — — — - _ 
5 - _ _ Ps ka i 
6 a _ = a a hs 
7 A g 5; fe 7 = 
8 xX — - = - = 
9 - am - i at - 
10* Xx ~ ~ = _ = 
1] N/A - - — - = 
12 N/A — = = = = 
13 N/A - = =: = = 
14 N/A ~ — _ - ss 
Shoestring Canyon ] X — _ = = = 
2 - i zh x a4 n 
3 é hy Zi se a y 
4 s) w ms ke a e 
5 xX = = = =: = 
6 in re = = a = 
— = il Pa = ah — 
Irvine Mesa ] - X X X = 
2 - ~ xX xX ~ = 
3 - x x — - x 
4 xX = = z= = 
6 xX x XxX x = — 
7 Xx xX xX x ,§ a 
8 x — — x = = 
» dill x x x xX xX x 
10 x ~ — ~ x = 
12 x x xX — xX = 
13 - = = = = = 
14 xX x 4 xX ~ xX 
15 - - = - = 
16 ~ — = = = = 


* Pool 10 at East Orange was the only original pool not disked. 

** Pool 8 at Shoestring Canyon was an additional pool. Not one of the mitigation pools built by Glen 
Lukos. 

*** Pool 9 at Irvine Mesa combined with pool 5 and was counted as a single pool during the 2016 rainy 
season. 


(Pools 5 and 9) and we considered them as one pool (Pool 9). We detected S. hammondii 
tadpoles in eight of the Irvine Mesa mitigation pools but documented successful breed- 
ing through metamorphosis at only seven of these pools in April 2016 due to desiccation 
and/or water quality (Table 1). Spea hammondii did not breed in all the pools with hy- 
droperiods >30 d (Table 3). Newly metamorphosed frogs documented at Pool 8 may have 
originated from a nearby pool since we never detected any tadpoles in that pool. Pool 3 
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Table 2. Summary of other pond-breeding anurans plus fairy shrimp observed during 2016 surveys at 
each monitoring pool. (“X” indicates observed, “—” not observed). 


Pseudacris hypochondriaca  — Anaxyrus boreas Branchinecta lindahli 
Site Pool (Baja California treefrog) (western toad) (versatile fairy shrimp) 


East Orange 


CONDNABRWND 
| 
| 
| 


Shoestring Canyon 


Irvine Mesa 


CIDR WN 
mel PS | 
| i 

x x 


S 

| 

| 
KKK KKK KKK MX 


dried before any of the tadpoles completed metamorphosis, and at Pool 12 the high pH 
and conductance readings we recorded could have contributed to recruitment failure (see 
below). We documented the presence of desiccated tadpoles at Pools 3, 9, and 14, but some 
individuals did metamorphose from Pools 9 and 14. 

At Pool 12, we recorded a higher average pH (9.29) than at the other pools, and a 
higher average conductivity (169 uS/cm) than at all pools but one (Pool 16, which had 
no tadpoles). The tadpoles in Pool 12 appeared smaller than those in other pools, and no 
metamorphosed S. hammondii were documented there. Pool 12 held water for 116 d, there- 
fore hydroperiod was not a limiting factor (Morey and Reznick 2004). The pH at Pool 12 
was significantly higher compared to all the other pools (mean = 8.05 + 0.55 vs. mean = 
9.29 + 1.08; n = 9; t = —3.276; p = 0.01). When Pool 12 was excluded from the analysis, 
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Table 3. Summary of pool hydroperiods and water temperature for each monitoring pool, 2016. 


Consecutive Days Wet! Water Temperature,°C! 
Site Pool Ist Period? 2nd Period 3rd Period Average Low High 
East Orange ] N/A = == — = a 
2 N/A — — — = = 
3 N/A — — i os = 
4 0 — _ = = = 
5 N/A — — = = = 
6 N/A — — _ — a 
f) N/A — — — — = 
8 N/A — — = = -- 
9 0 — — — = = 
10 N/A — — = a= = 
1] 0 — — — — = 
12 0 — — = = — 
13 N/A — — — — = 
14 N/A ~ ~ — — — 
Shoestring Canyon 1 0 — — = = 7 
2 0 — — — — — 
5) ] _ — — — — 
4 0.2 — — — — — 
5 0 — — — — — 
6 0 — — — _ = 
8 1 0.33 — — — — 
Irvine Mesa ] [32 10+ — 14.2] oa) 33.63 
2 113 — ~ is 15 4.4] 33.95 
3 9 40 18 13.26 3.47 30.15 
4 2 11 3 1h 1.76 27.96 
6 120 _ - 13.3 4.73 32u7) 
7 118 _ - 14.08 4.21 32339 
8° 120 ~ - N/A N/A N/A 
9 69 34 — 13.78 4.1 Sark 
10 5] 20 5 1DS7 2.41 28.36 
(9 116 _ — 13.5 3.68 a2291 
13 1o 3 - 10.87 4.52 DiS 
14 113 - ~ 12.69 2.94 31.06 
15 3 48 17 jis), 6.27 DD'S) 
16 4 Sy 14 12.41 =e 268 S27 


' Data from STIC loggers installed in pools. 

* Periods delineate the number of consecutive days a pool was wet. 

3 STIC battery failed. Wet period is an estimate based on monitoring surveys. 

* Pool was dry during this time. Temperature of the ground was below freezing. 

N/A designates a pool where no STIC was installed. Pools that did not hold water have 0 consecutive 
days wet. 


pH did not differ significantly between pools with tadpoles and pools without (mean = 
S.10' 2: 0.61 Ws, mean = 7.85 4 303 7 = 2691 = 132; p = 0.20). Likewise, conduc- 
tivity did not differ significantly for pools with tadpoles compared to pools without 
(mean = 113.49 + 3896.18 vs. mean = 162.22 + 13430.07; n = 20; t = —1.73; p = 0.10). 
Pool 16 had the highest average conductivity (293.33 uS/cm), and despite having a hy- 
droperiod of 52 d, S. hammondii did not breed in the pool. Temperature was significantly 
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warmer for pools with tadpoles compared to pools without (mean = 13.57 + 0.24 vs. mean 
= 12.27 + 0.10; n = 6; t = 2.73; p = 0.04). Finally, hydroperiod was significantly longer 
for pools with tadpoles compared to pools without (mean = 104.56 + 889.53 vs. mean = 
36.20 sb 304, 70; 7 12; 4 = 3.1.6: 9 =U, 0003). | 


Discussion and Conclusions 


Many factors affect the availability of water for pond-breeding amphibians in south- 
ern California. The multi-year drought peaking between 2012 and 2015 affected the avail- 
ability of vernal pool habitat for S. hammondii regionally, and climate change suggests 
unpredictable availability of surface water for the long term with the potential for more 
drought and anomalous weather patterns (Duellman 1999; Carey and Alexander 2003; 
Green 2016). Drought affects amphibian breeding in ephemeral systems more directly than 
in perennial ones since there are no alternative breeding locations within these systems 
(Miller et al. 2012). Though the planned development at East Orange did not occur, sub- 
sequent agricultural disking likely destroyed the vernal pool habitat there. Mitigation mea- 
sures had already been put in place, and although many of the mitigation pools were unsuc- 
cessful in hosting S. hammondii breeding and larval development, seven of the pools held 
water long enough, with satisfactory thermal and chemical conditions, to allow breeding 
and recruitment for this species in 2016, 10 yr after mitigation. This result is promising not 
only for the populations that were translocated, but it has implications for pond-breeding 
species that are affected by climate change since we detected successful recruitment five 
years into a drought. 

Even though we did not detect S. hammondii at the East Orange site during the winter 
of 2016, we cannot be certain this species has been eliminated. The 2015-2016 rainy sea- 
son provided slightly more rain (24.82 cm) than the 16-yr average of 24.51 cm, but it may 
have been inadequate to fill the natural pools at East Orange. Online data show these rain 
events occurred during the appropriate time of year (December—May) to trigger breed- 
ing, however a recent study shows that late abundant rains may not be enough to trigger 
breeding if pools have not filled prior to these events (Shedd and Hansen unpub. data). 
For comparison, in the first year of Glenn Lukos Associates, Inc. translocation efforts 
(2005) the site received 46.61 cm of rain.? Despite the destruction of the original pools, 
the East Orange site could still provide suitable breeding habitat for S. hammondii if there 
was enough rain to sufficiently saturate the soil and several restoration efforts were imple- 
mented. At East Orange, removing the drain at Pool 4 could facilitate water retention, and 
removing vegetation at Pools 12-14 could transform these depressions into functional S. 
hammondii breeding habitat. If subsequent surveys indicate that no S. hammondii persist 
at East Orange, repatriation of this species from the mitigation site at Irvine Mesa back to 
East Orange could be considered. 

Though no water was present at Shoestring Canyon during our surveys, a small popula- 
tion of S. hammondii may persist there as well. Spea hammondii breeding was reported by 
consultants visiting the site at two pools in Shoestring Canyon during the 2009-2010 rainy 
season; however, biologists also reported that pools did not last long enough for the tad- 
poles to reach metamorphosis (T. Bomkamp and J. Meyer pers. comm). The longevity 


* California Department of Water Resources. 2016. California Data Exchange Center, Fremont 
Canyon weather station, Lat. 33.81110, Long. -117.70800. Available at http://cdec.water.ca.gov/cgi- 
progs/stationInfo?station_id=FMC. Accessed 11 April 2016. 
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of S. hammondii is not known though accounts of other spadefoot species estimate 
lifespans of up to 13 yr (Lannoo 2005). If adults are still present at Shoestring Canyon 
they could have bred in years when precipitation was timely and sufficient (Fisher et al. 
2018). In winter of 2016 the pools at Shoestring Canyon were overgrown with vegetation, 
which may have contributed to their failure to hold water. To provide viable breeding habi- 
tat at this site, pools would likely have to be restored, including control of the invasive 
grasses around pools and in the surrounding upland habitat. Furthermore, the soil at the 
bottom of the pools may be too porous to hold water. Soil compaction and/or the instal- 
lation of an artificial liner could facilitate water retention to provide adequate hydroperiod 
for S. hammondii to reach metamorphosis (T. Toure and T. Bomkamp pers. comm). 

Although only four adult male S. hammondii were observed during surveys at Irvine 
Mesa, the many eggs and larvae at this site suggest that there is a persistent population here. 
Female anurans are generally less conspicuous than males, especially during the breeding 
season when males are calling (Thompson 2016), which is likely the reason we found eggs, 
larvae and metamorphs but only male adults. Additional surveys could provide an estimate 
of the population size and recruitment success. Data collected on pH, conductivity, tem- 
perature and hydroperiod at the pools having water show that only hydroperiod and tem- 
perature were significant predictors of spadefoot breeding. However, we had few pools with 
water, so a larger sample size would be desirable to help to reinforce or refute these data. 

While most pools at the East Orange site were destroyed, and the region was expe- 
riencing unprecedented drought, the mitigation measures undertaken by Glenn Lukos 
Associates, Inc. in 2005-2006 established a population of S. hammondii at one of two 
mitigation sites. More remarkably, the population has persisted >10 yr post-translocation 
despite continued drought. With sufficient rain and continued protection of this habitat, 
the population at Irvine Mesa has the potential for recruitment adequate to provide in- 
dividuals for re-patriation of the original East Orange site and possibly additional areas 
within the region. The long-term success of this translocation shows that mitigation pools 
can provide alternative breeding habitat for S. hammondii despite severe drought. Mitiga- 
tion ponds may offer drought resiliency for unpredictable fluctuations caused by climate 
change. 
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Abstract.—Ocean fishing piers are ubiquitous along the world’s coastline, yet little 
research has examined how these structures can attract and retain fishes. Fishers rou- 
tinely use these human-made structures as a reliable way to catch fish for subsistence 
or recreation. California halibut (Paralichthys californicus) and white croaker (Geny- 
onemus lineatus) are commonly caught from fishing piers in southern California; how- 
ever, some individuals have been found to contain high concentrations of hazardous 
contaminants. Thus, human health hazard warnings are posted throughout the Los 
Angeles area to limit fish consumption. To document attraction, residency, and asso- 
ciation to fishing piers, 42 California halibut and 198 white croaker were tagged with 
acoustic transmitters in regions of the Los Angeles and Long Beach Harbors, includ- 
ing a local fishing pier, and the movements of these fish were tracked throughout a 1.5 
year period. Average (+SD) fish residency near piers was 90.5 + 104.8 days for Cali- 
fornia halibut and 31.9 + 25.7 days for white croaker. Only 18% of white croaker and 
6% California halibut were detected migrating to the pier from other locations of the 
LA-LB Harbors, and most spent < 10 min within 300 m of the public fish pier. Only 
14% of California halibut and 0.35% of white croaker geo-positions were within cast- 
ing range (approximately 30 m) of the pier, thus California halibut show the greatest 
potential affinity for pier habitat. Due to their movement patterns and habitat asso- 
ciations California halibut are much more likely to be attracted to fishing piers than 
white croaker. 


Piers are common structures found throughout coastlines and embayments of the world; 
surprisingly, little research has examined how fish utilize these structures, even though they 
have the potential to function similarly to artificial reefs. Artificial reefs are human-made 
structures often designed to simulate reef structure to support fishes and other marine life, 
thus have been implemented for remediation of damaged reefs or to increase fish stocks 
(Alevras and Edwards 1985; Baine 2001; Bohnsack 1989; Deysher et al. 2002; Schroeter 
et al. 2015). Most are constructed to provide complex habitat often including vertical relief, 
hard substrata, high rugosity, etc., which are thought to be attractive features for a vari- 
ety of fishes (Baine 2001). Though mainly constructed to support industrial, commercial, 
or recreational purposes, pier pilings and support beams provide complex habitat, which 
can serve to unintentionally attract fishes to these structures. The pier pilings provide hard 
substrata, which fosters invertebrate and algae recruitment (Butler and Connolly 1999; 
Keough 1983), and provide both food and protection for a variety of fishes. They also offer 
vertical relief and shade which has been correlated with an increase of abundance of forage 
fish at piers (Able et al. 2013). Vertical habitat relief in other marine systems has been linked 


* Corresponding author: aabarilotti@gmail.com 


18 


PIER ASSOCIATION OF MARINE FISHES 19 


with increased abundances, recruitment, and diversity of fishes (Carr 1991; Caselle et al. 
2002; Kellison and Sedberry 1998; Martin and Lowe 2010; Rilov and Benayahu 1998). 
Piers in southern California are generally located in areas containing a homogenous flat 
seascape of mud/slit or sand, offering increased foraging opportunities for fishes that uti- 
lize ecotone environments. The ecotone between a rocky reef and sand has been found to 
contain greater diversity and abundance of epi and infaunal species than the communities 
found in the sediments further from the reef (Alongi 1989; Ambrose and Anderson 1990; 
Barros et al. 2001). 

Public ocean and bay fishing piers have been a part of California’s history for over 
a century and have attracted both recreational and subsistence fishers due to their ease 
of access, low cost, no required fishing license!, and relatively consistent fish productiv- 
ity (Jones 2004). Unfortunately, the majority of public piers in southern California (San 
Clemente to Ventura) le within a region where fish consumption warnings have been en- 
acted to limit the consumption of many potentially contaminated coastal fish species’. 
Cabrillo Pier is located in the center of this consumption warning zone, and is the closest 
pier to the EPA superfund site on the Palos Verdes Shelf (PV) as well as contaminated 
regions of the Los Angeles and Long Beach Harbors (henceforth referred to as LA-LB 
Harbors) (Fig. 1). Two contaminants of particular concern are types of organochlorines, 
dichlorodiphenyltrichloroethane (DDT) and polychlorinated biphenyls (PCBs). DDT was 
once a heavily used pesticide, and PCBs were an industrial chemical used in many 
applications; both are known carcinogens, and endocrine and reproductive disruptors 
(Longnecker et al. 1997). From the 1940’s through early 1970’s these chemicals were dis- 
charged into the local wastewater treatment system and watersheds. Since DDT and PCBs 
are resistant to degradation, they have persisted in the environment where they are bioac- 
cumulated in the tissues of organisms and biomagnified through the food web due to their 
lipophilic properties (Brown et al. 1998; Malins et al. 1987; Zeng and Venkatesan 1999). 
Through these processes, many of the top marine predators within the Southern Califor- 
nia Bight have been found to contain high tissue levels of organochlorines (Blasius and 
Goodmanlowe 2008; Mull et al. 2013). 

Due to the proximity of the public Cabrillo Fishing Pier in LA Harbor to areas of rela- 
tively high sediment contamination, there is a concern that fish caught from the pier may 
contain harmful amounts of contaminants. Indeed, some fish caught and sampled near 
the pier have been found to contain high concentrations of organochlorines in their tis- 
sues; however, these concentrations vary widely and are likely attributed to the degree to 
which some individuals move and the habitats in which they feed (Anderson et al. 2001). 
Two species of fish that are commonly caught and consumed from coastal piers are white 
croaker (Genyonemus lineatus) and California halibut (Paralichthys californicus). They were 
chosen for this study because while they are benthic soft-substrata associating species, they 
have differences in habitat use, foraging ecology, and trophic position. In addition, in Cal- 
ifornia white croaker is considered a “sentinel species” for contaminant exposure (Love 
et al. 1984; Malins et al. 1987). Both are known to obtain high concentrations of organic 
contaminants (84.9-2520 ppb DDT and 58.5-279 ppb PCBs for white croaker, 35.4-171 


' California Fish and Game Code, section 7153. 


’ Office of Environmental Health Hazard Assessment - https://oehha.ca.gov/media/downloads/ 
advisories/socaladvisoryl61809. pdf 
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Fig. 1. Map of capture and release locations of passively tracked white croaker and halibut. Green dots 
indicate release locations of white croaker and blue dots represent locations of release for halibut. The red 
diamonds represent VR2W receiver locations and the beige circles around them are the nominal detection 
range of the receivers. 


ppb DDT and 5.61-25 ppb PCBs for California halibut*). Since sediments from around 
Cabrillo Pier have been found to contain relatively low levels of organochlorine contami- 
nants, it is likely some fish are being attracted to Cabrillo Pier from other more contami- 
nated locations like the PV Shelf, Consolidated Slip (LA Harbor), Fish Harbor (LA Har- 
bor), or inner LB Harbor (Anderson et al. 2001; Eganhouse and Pontolillo 2008). To iden- 
tify the most important areas for sediment remediation, it is critical to determine which 
contaminated regions are the most connected to Cabrillo Pier. 

Though both species are demersal soft substratum associated, they utilize these environ- 
ments differently due to their foraging strategies, thus could be attracted to Cabrillo Pier 
based on different habitat attributes. White croaker are roving benthic foragers, selecting 
habitat that contains fine grain sized sediment with high levels of total organic carbon and 
high densities of benthic infauna, which describes the habitat surrounding Cabrillo Pier 
(Ahr et al. 2015; Love et al. 1984). Unlike white croaker, California halibut are lay-in-wait 
ambush predators of bait fish (e.g. Engraulis mordax, Sardinops sagax, Leuresthes tenuis) 
and epibenthic invertebrates, often associated with the ecotone between sand and reef or 
eelgrass (Freedman et al. 2015; Freedman et al. 2016; Haaker 1975). The ecotone, pier 


* National Oceanic and Atmospheric Administration- https://19january2017snapshot.epa.gov/www3/ 
region9/superfund/pvshelf/pdf/montrose_report.pdf 
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pilings, and vertical relief are attractive habitat features for bait fishes, thus the area near 
Cabrillo Pier could increase foraging opportunities for California halibut (Able et al. 2013; 
Johnson et al. 1994). Since Cabrillo Pier has potentially attractive habitat features for both 
species, the first goal of this study is to quantify the probability of both species moving to 
Cabrillo Pier from other areas of the LA-LB Harbors. In addition, test the hypotheses that 
1) white croaker and California halibut exhibit selection for the habitat in close proximity 
to Cabrillo Pier; and 2) individuals visiting Cabrillo Pier from other regions of the LA-LB 
Harbors will display a similar degree of site fidelity to Cabrillo Pier as those tagged near 
Cabrillo Pier. 


Materials and Methods 


This study was conducted in the LA-LB Harbors complex located in southern Califor- 
nia, USA (Fig. 1). White croaker and California halibut were caught and tagged through- 
out seven regions of the LA-LB Harbors. Regions were designated based on habitat dif- 
ferences and geospatial boundaries in order to compare fish movements across habitat 
types. These regions were Los Angeles outer harbor (LAOH), the Los Angeles inner har- 
bor (LAIH), the Long Beach inner harbor (LBIH), the Long Beach outer harbor (LBOH), 
Fish Harbor, Cabrillo Pier, and Pier J, and the area off White Point, Palos Verdes (PV 
Shelf) (Fig. 1). They were chosen to examine fish movement within and among regions 
of the LA-LB Harbors, especially between regions with high sediment contamination and 
regions with public fishing piers. 

Cabrillo Pier is located in the southwestern region of the LA-LB Harbors and is a public 
fishing pier that runs parallel to the Federal Breakwater and is 375 m long by 5-10 m wide. 
Water depth directly below the pier ranges from | m at northwestern end to 3 m at the 
southeastern end. The pier rests on the edge of a sand/mud shelf, which drops off from the 
pier to a seafloor depth of approximately 7 m. The substrata around Cabrillo Pier consists 
of mud, silt, and sand. There is a low-lying rock reef, partially buried under unconsolidated 
sediments at the eastern edge of the pier that runs perpendicular to the pier. 

To characterize the movements of white croaker and California halibut throughout the 
LA-LB Harbors and at fishing piers, 240 fish were caught and surgically fitted with acous- 
tic transmitters and then passively tracked from July 2013 to January 2015. At least 25 
white croaker and 2 halibut were tagged within each of the regions of the LA-LB Harbors, 
and 9 white croaker were tagged on the PV Shelf. All white croaker were caught using 
hook and line, and California halibut were caught using hook and line or a 3 m wide otter 
trawl. Fish were anesthetized in a bath of Tricaine methanesulfonate (MS222) (0.2 g/L of 
seawater) until reaching stage-4 level of anesthesia (Freedman et al. 2015; Wolfe and Lowe 
2015). Weight (g), standard length (mm), fork length (mm), and total length (mm) were 
recorded (Summerfelt and Smith 1990). All fish were surgically fitted with a Vemco V9-1X 
acoustic transmitter (24 mm x 9 mm, nominal pulse interval 120-250 s, power output 145 
dB, battery life 363 d) coated with a 1:2.3 mixture of beeswax and paraffin to reduce an 1m- 
mune response (Lowe et al. 2003). A 2 cm incision was made through the abdominal wall 
and the acoustic transmitter was inserted into the peritoneal cavity of the fish and closed 
with 2 sutures of dissolvable monofilament suture (Ethicon, 5-0 PDS*II). Once the fish 
recovered from surgery (minimum of 5 min) it was released near its capture location. Cal- 
ifornia halibut were also externally tagged with a numbered spaghetti tag in the dorsal fin 
musculature. All capture, handling, and surgical procedures complied with the California 
State University Long Beach’s IACUC #325. 


NO 
i) 
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To document fish movement throughout the LA-LB Harbors, 38 VR2W (Vemco, 
Ltd.) omni-directional underwater acoustic receivers were positioned at key locations 
around the LA-LB Harbors and surrounding areas from July 2013 through January 2015 
(Fig. 1). Receivers were placed approximately 1-2 m off the seafloor at choke point areas 
to function as gates to monitor fish movement from different areas of the LA-LB Harbors. 
All receivers were deployed in July 2013, except for the two receivers placed in Fish Harbor 
(deployed August 2013 and November 2013), and the four additional receivers deployed 
at Cabrillo Pier in December 2013 to construct the Vemco Positioning System (VPS) ar- 
ray (Fig. 1). The VPS array was used to obtain fine-scale geo-position estimates of tagged 
fishes based on trilateration when a transmission was detected by three or more acoustic 
receivers (Espinoza et al. 2011; Wolfe and Lowe 2015). VPS receivers were paired with a 
synchronization transmitter (V16-5x, 69 kHz, 300 s pulse interval, power output of 150 
dB) to correct for clock drift and improve positional accuracy (Espinoza et al. 2011). Re- 
ceiver maintenance and downloads were conducted bimonthly. Mean maximum detection 
range for receivers at Cabrillo Pier was determined to be 401 + 19 m (mean + SD) (Fig. 1). 
Detection range of other receivers was used from previous studies (Farris et al. 2016; Wolfe 
and Lowe 2015). Fish detections from VR2W receivers were downloaded and managed us- 
ing VUE v 2.2.2 (Vemco). Data analyses were carried out using R 3.0.2 (R Foundation for 
Statistical Computing) and PRIMER-E v.6 (Plymouth, UK) and maps were created using 
ArcGIS 10.2 (ESRI). 

The acoustic receiver detection dataset was filtered to remove false detections and detec- 
tions from individuals that were thought to have died. If a transmitter was detected contin- 
uously by the receiver closest to the fish’s release location for the entire battery life of the 
transmitter, the fish was classified as a mortality from tagging stress. To determine potential 
predation of tagged fish, the displacement speed of movements between two receiver loca- 
tions were calculated. White croakers have been estimated to have a maximum sustained 
swimming speed of 0.61 m/s (Dorn et al. 1979), therefore any tagged white croaker that 
were observed to travel faster than 0.61 m/s between receivers were considered predation 
events. Maximum sustained swimming speeds of California halibut are unknown so this 
test could not be performed for the halibut detection data; however, no erratic or exces- 
sively rapid (> 1 ms~!') movements were documented for California halibut that would be 
characteristic of a predation event. 

Several receivers had overlapping detection ranges allowing an individual to be simulta- 
neously detected at multiple receivers. All receivers within each one of these groups were 
aggregated and treated as a single station (PV curtain, Angel’s Gate, Queen’s Gate, Pier 
J, Consolidated Slip, Fish Harbor and Cabrillo Pier). Furthermore, within each of these 
receiver groups, any detection from an individual that occurred less than 120 s (minimum 
pulse interval) after a previous detection was removed, as these represented simultaneous 
detections on multiple neighboring receivers. Removing these duplicated detections pre- 
vented artificially inflating the number of detections within a region. 

Two methods were used to determine the likelihood of white croaker and California 
halibut moving from other regions of the LA-LB Harbors to Cabrillo Pier. First, was cal- 
culating the proportion of individuals tagged in each region of the LA-LB Harbors that 
were detected at Cabrillo Pier. Second, a one-way analysis of similarity (ANOSIM) was 
used to compare patterns of receiver presence across individuals that were tagged in differ- 
ent regions of the LA-LB Harbors (Garcia et al. 2015; Meyer et al. 2010; Papastamatiou 
et al. 2015). Similarities were based on daily receiver presence, which was calculated as the 
cumulative number of days an individual was present (> | detection within a day) for each 
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receiver. A dispersion weighting transformation was used to normalize for high variabil- 
ity in daily receiver presence among individuals from each region of the LA-LB Harbors 
(Clarke 2014). The degree of overlap (R-value: < 0.25 = high overlap, > 0.75 = low over- 
lap) was used to evaluate receiver usage between groups tagged in different regions of the 
harbor (Garcia et al. 2015; Meyer et al. 2010). Pair-wise comparison significance (p < 0.05) 
was interpreted as fish tagged in different regions primarily using a different core cluster 
of receivers. Non-metric multidimensional-scaling ordination (nMDS) plots were used to 
visualize the relative similarities of receiver presence among individuals from regions of the 
LA-LB Harbors. 

Euclidean Distance-based Analysis (EDA) was used to quantify the pattern in spatial 
association between individuals and the pier. For each individual, the distance between 
each VPS rendered position and the closest edge of the pier was measured (Conner and 
Plowman 2001). These values were then compared to the available habitat, which was cal- 
culated as an equal number of randomized positions distributed within the detection range 
(approx. 250 m) of the Cabrillo Pier array. Distances from the pier to the randomized and 
VPS rendered geo-position of tagged fish were placed into 10 m bins for white croaker 
and 5 m bins for California halibut, as they had a larger number of VPS detections. To 
determine if the pier was influencing the species distributions within the Cabrillo Pier VPS 
array, the counts of the VPS and randomized positions were compared using a Pearson’s 
chi-square test. Individual’s pier selection index was calculated as the ratio of number of 
observed positions to randomized positions in each distance bin. The pier selection index 
was interpreted as values > 1 representing selection/association, values < 1 representing 
non-selection. Pier selection indices were averaged across individuals to create a species- 
wide pier selection index. Pier association for either species was defined as having a pier 
selection index > | within 50 m of Cabrillo Pier. In addition, there is a low-relief rocky 
reef that runs perpendicular to the southeast corner of the Pier, to determine if tagged in- 
dividuals additionally used ecotone provided by this reef an EDA analysis was conducted 
to compare distances used to this reef. 

Some California halibut had periods where they were detected consistently at a high fre- 
quency and some individuals had orders of magnitude more rendered VPS positions than 
others, allowing for temporal autocorrelation or a subset of individuals to drive results. To 
reduce effects of potential biases a bootstrapping procedure was used where 100 positions 
were randomly sampled from each individual with replacement and pooled across individ- 
uals (Teesdale et al. 2015). This process was repeated 1000 times and compared to the null 
model using a x° test. This analysis was not used for white croaker due to low sample size 
and number of VPS rendered positions. 

While the pier can impact what habitat individuals’ use, it can also impact their fidelity to 
the area. The degree of site fidelity of fish caught and tagged in close proximity to Cabrillo 
Pier was compared with individuals tagged at other locations throughout the LA-LB Har- 
bors that visited the pier, using two metrics: daily presence and duration at Cabrillo Pier. 
Daily presence was the sum of the days a fish was detected at Cabrillo Pier while the du- 
ration spent at Cabrillo Pier was determined by multiplying the average transmitter pulse 
interval (182 s) by the total number of detections at the pier for each fish. This time (dura- 
tion) was then divided by an individual’s daily presence, which yielded an average number 
of hours per day an individual was detected at the pier receivers. 

A non-parametric randomization test was used to compare these site fidelity metrics 
between fish tagged at Cabrillo Pier and those visiting from other regions of the LA-LB 

Harbors. This method combined all individuals’ fidelity data into one pool, and sampled 
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Table 1. Average total length (mm) and number (n) of white croaker (WC) and California halibut (CH) 
tagged by region. First two columns after Region are of white croaker and the last two columns are of 
California halibut. 


Region WC mean TL (mm) + SE n CH mean TL (mm) + SE n 
Cabrillo Pier 228 + 4.2 29 455+ 17.3 26 
Fish Harbor Zio 2k 30 NA 0 
LAIH oe ae eo 26 486 + 64.3 4 
LAOH 286 SE 19. 29 492 + 48.2 2 
LBIH 23 24 25 S220 2 
LBOH 224. st 2el 25 416+ 22.5 2 
Piet 2S sclew2 2 Os Se eee 6 
PV Shelf 250 se ae 9 NA 0 


with replacement to generate two distributions that equaled the sample size of fish tagged 
at Cabrillo Pier and fish visiting from other regions. The difference in mean value of the 
two samples was calculated and repeated 10,000 times to create a distribution of expected 
differences between the means assuming all individuals of a species belonged to one pop- 
ulation that utilized Cabrillo Pier equally. The observed difference to the created null dis- 
tribution generated the probability of observing this outcome if all fish utilized Cabrillo 
Pier similarly. California halibut were not compared due to low sample size of individuals 
visiting from other regions of the LA-LB Harbors. 


Results 


A total of 42 California halibut and 198 white croaker were caught and tagged at lo- 
cations throughout the LA-LB Harbors (Fig. 1, Table 1). White croaker averaged 234 + 
1.1 mm total length (TL), and all individuals tagged were larger than size at 100% ma- 
turity (190 mm TL) while California halibut averaged 472 + 15 mm TL (mean + SEM) 
(Love et al, 1984). Sex could not be determined for most individuals of either species due 
to the lack of sexual dimorphism. Only one California halibut (Transmitter ID 11392; 
615 mm TL) was reported as being recaptured by a fisher, and it was released after being 
measured. 

All 38 receivers recorded detections of tagged fish, and mean (+SEM) number of detec- 
tions was highly variable among the two species (14,708 + 31,869 for California halibut, 
6,202 + 8,073 white croaker). Twenty-seven white croaker and one California halibut were 
never detected on any receiver, and these individuals were excluded from all movement 
analyses. Many of these fish were not released in the vicinity of a receiver (> 300 m); how- 
ever, most were released inside the LA-LB Harbor and therefore should have had a greater 
likelihood of detection. None of the nine white croaker tagged on the PV Shelf were de- 
tected by any of the 38 acoustic receivers used for this study. The proportion of white 
croaker identified as having died as the result of capture, handling, and surgery (tagging 
mortality) was 3.5% (7 individuals). Approximately 11.5% (23 individuals) of white croaker 
were estimated to have been eaten by a predator based on rate of movement between re- 
ceivers (> 0.61 ms7!). No California halibut were observed to exhibit rapid movements 
between receivers that could be considered a predation event. Four California halibut were 
detected making > 40 km movement from the LA-LB Harbors to receivers in Santa Mon- 
ica Bay. A total of 163 white croaker and 41 California halibut were used for movement 


PIER ASSOCIATION OF MARINE FISHES ZS 


analyses after removing individuals that were never detected or were determined to die 
from tagging mortality. 

Receivers in the Cabrillo Pier VPS array detected a total of 58 individual white croaker 
and 27 California halibut. 28 of the white croaker were tagged in the vicinity of Cabrillo 
Pier and the other 30 individuals were tagged in other regions of the LA-LB Harbors. Of 
the white croaker visiting Cabrillo Pier from other regions, most were from LAOH, but 
12-17% of fish detected were tagged in Fish Harbor, LBIH, and LAJH (Table 2). Twenty- 
seven California halibut were detected by the Cabrillo Pier array, and of those, 26 were 
initially tagged at Cabrillo Pier (Table 2). 

White croaker tagged in different regions of the LA-LB Harbors did not show simi- 
larity in daily receiver presence (ANOSIM, R = 0.935, p = 0.001, Table 3, Fig. 2A). 
Pair-wise comparisons revealed that white croaker tagged in different regions of the LA- 
LB Harbors showed low overlap in daily receiver presence, R > 0.75 for almost all re- 
gions, except between individuals from Cabrillo Pier and LAOH (R = 0.646), and LBIH 
and LBOH (R = 0.69), where there was a moderate amount of overlap between daily 
receiver presence. California halibut tagged in different regions of the LA-LB Harbors 
did not show similarity in daily receiver presence (ANOSIM, R = 0.826, p = 0.001, 
Fig..2B). 

A total of 563 fine-scale geo-positions were rendered for five white croaker within the 
Cabrillo Pier VPS array (Fig. 3). The distances of these positions from Cabrillo Pier was 
significantly different from a random distribution (y* = 109.8, df = 34, p < 0.001). The 
pier selection index of white croaker VPS-rendered positions to Cabrillo Pier exhibited one 
distinct peak between 50 to 120 m from Cabrillo Pier and two smaller peaks at approxi- 
mately 220-230 m and 270-280 m from the pier (Fig. 3A). The distances of these positions 
from the adjacent low-lying reef was also significantly different from a random distribution 
(x* = 194, df = 66, p < 0.001). The reef selection index of white croaker positions to the 
reef had a peak from 0-20 m from the reef and multiple peaks 300-570 m from the reef 
(Fig. 3B). 

A total of 46,615 fine-scale geo-positions were rendered for 11 California halibut 
within the Cabrillo Pier VPS array (Fig. 4). The distribution of distances of these 
points from Cabrillo Pier was significantly different from random distribution (yx? = 
170146.1, df = 71, p < 0.001). The pier selection index suggests that California hal- 
ibut mostly selected for habitats approximately 25-130 m from Cabrillo Pier when within 
300 m of the pier (Fig. 4A). The distances of these positions from the low-lying reef 
was also significantly different from random distribution (x* = 11120, df = 127, p 
< 0.001). The distribution of reef selection index shows that California halibut se- 
lected for areas within 25 m from the reef, and sporadically > 45 m from the reef 
(Fig. 4B). California halibut pier and reef selection indices were robust against unbal- 
anced sample size and temporal autocorrelation (p < 0.001) for all 1000 bootstrapped 
permutations. 

White croaker caught and tagged in the vicinity of Cabrillo Pier spent an average of 31.9 
+ 25.7 (mean + SD) days at Cabrillo Pier, which was significantly greater than the total 
number of days spent at the pier by fish tagged in other regions (4.6 + 10.8 d) (p < 0.001, 
Figs. 5A, 5C). The duration of each individual visit into the Cabrillo Pier array was also 
significantly longer for fish tagged in the vicinity of the pier (11.9 + 5.2 hrs) than for fish 
tagged in other regions of the harbor (0.5 + 1.7 hrs) (p < 0.001, Figs. 5B, 5D). California 
halibut spent an average of 95.9 + 104.8 total days in the Cabrillo Pier area, with individual 
duration to the Pier area averaging 6.6 + 5.3 hrs (Figs. 5E, SF). 
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Table 3. LA-LB Harbors regional pairwise comparison of white croaker daily receiver presence from 
an ANOSIM test. CAB is short for Cabrillo Pier and Fish is short for Fish Harbor. 


Regional comparison Global R P-value 
LAOH v. Fish 0.883 0.001 
LAOH v. CAB 0.646 0.001 
LAOH v. LAIH 0.96 0.001 
LAOH v. LBOH 0.944 0.001 
LAOH v. LAIH 0.975 0.001 
LAOH v. Pier J 0.998 0.001 
Fish v. CAB 0.925 0.001 
Fish v. LAIH 0.987 0.001 
Fish v. LBOH 0.867 0.001 
Fish v. LBIH 0.956 0.001 
Fish v. Pier J 0.996 0.001 
CAB v. LAIH 0.993 0.001 
CAB v. LBOH O71 0.001 
CAB v. LBIH 0.992 0.001 
CAB vy. Pier J 0.999 0.001 
LAJH v. LBOH 0.914 0.001 
LAJH v. LBIH 0.829 0.001 
LAIH v. Pier J ] 0.001 
LBOH v. LBIH 0.69 0.001 
LBOH v. Pier J 0.975 0.001 
LBIH vaPier 3: 0.986 | 0.001 


Discussion and Conclusions 


Foraging strategies and habitat preferences likely influence the association of white 
croaker and California halibut to Cabrillo Pier. Both California halibut and white croaker 
showed an association to Cabrillo Pier; however, California halibut were in closer associa- 
tion to Cabrillo Pier and the ecotone of the low-lying reef. Most likely, white croaker were 
associating with the deeper habitat at the base of shelf that extends away from the Pier. 
In addition, California halibut showed a higher mean residency time (~ 96 d) compared 
to white croaker (~ 32 d) to the Cabrillo Pier area. These high mean residency times and 
closer association to ecotone (pier and reef) indicate that California halibut select these eco- 
tone environments, most likely for increased foraging success due to the known higher prey 
densities compared to areas further from structure or reef (Ambrose and Anderson 1990; 
Anderson et al. 1989; Barros et al. 2001; Haaker 1975). In the temperate marine environ- 
ment some reef-associated fishes acquire up to 25% of their diet from ecotone-associated 
prey (Johnson et al. 1994). Previous active tracking studies of juvenile California halibut in 
southern California estuaries found similar ecotone selection, where 54% of halibut posi- 
tion locations were within 2 m of eelgrass (Zostera pacifica) beds (Freedman et al. 2016). It 
is unclear if California halibut are associating to the ecotone provided by Cabrillo Pier or 
the sandy slope running parallel to the pier; however, it is clear they select for ecotone habi- 
tat, which puts them in closer proximity to Cabrillo Pier, resulting in a higher likelihood of 
being caught by fishers from the pier. 

White croaker are commonly caught by anglers from fishing piers, including Cabrillo 
Pier, and were expected to have VPS rendered positions in close proximity to the Pier; 
however, the position data suggest that white croaker are not closely associating (<30 m) 
to Cabrillo Pier, but are selecting for the area slightly farther away (50-120 m). The sed- 
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Fig. 2. Non-metric multidimensional scaling plot of receiver overlap of white croaker (A) and Cal- 
ifornia halibut (B) from different tagging regions with the LA-LB Harbors after the dispersion weighting 
transformation. Tagging regions are as such: green triangles are LAOH, blue triangles are Fish Harbor, light 
blue squares are Cabrillo Pier, red diamonds are LAIH, pink circles are LBOH, grey crosses are LBIH, and 
dark green Xs are Pier J. 


iment in the area 50-120 m from Cabrillo Pier consists of mud and silt, whereas in close 
proximity to Cabrillo Pier the sediment is primary comprised of sand (A. Barilotti, pers. 
obs.). Ahr et al. (2015) found that white croaker selected for areas of fine sediment grain size 
within the LA-LB Harbors, since it is correlated with higher sediment nutrient loads, high 
turbidity and increased densities of polychaete worms. This suggests that white croaker 
are not preferentially selecting areas in close proximity to Cabrillo Pier due to the lack of 
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Fig. 3. Map of VPS-rendered positions of white croaker detected at Cabrillo Pier. Inset in upper right 
shows the Cabrillo Pier in the red box reference to the LA-LB Harbors. A.) Mean Pier selection index 
(+SEM) of white croaker by distance (10 m bins) using VPS rendered positions. B.) Mean reef selection 
index (SEM) of white croaker by distance (10 m bins) using VPS rendered positions. Grey vertical line 1s 
the approximate distance of the bottom edge of the sand slope from Cabrillo Pier. The red line represents 
where fish randomly distributed would associate themselves; values above the red line equate to selection 
and value below the line indicate non-selection. 


appropriate foraging habitat. Those individuals caught from Cabrillo Pier are most likely 
traveling nearer to the pier (50-100 m) and potentially lured towards the bait of fishers in 
an area they would not typically use. 

Both white croaker and California halibut had virtually no VPS-rendered positions 
within 5 m of Cabrillo Pier, indicating neither species selects for close association for pier 
structure and the habitat directly under the pier. This was surprising since both species 
are caught frequently from Cabrillo Pier, and it was expected that some individuals would 
be detected underneath the pier. As an ambush predator, California halibut were expected 
to use shade provided by piers to strike at prey not in the shade (Able et al. 2013; Cermak 
2002). One possibility why both species are avoiding the habitat directly associated with the 
pier is this habitat may have been too shallow as previous studies have found white croaker 
select for deeper areas within the LA-LB Harbors and coastal habitats (Ahr et al. 2015; 
Love et al. 1984). It is unlikely that California halibut are avoiding shallow water habitat 
as they are found in the surf-zone and in shallow estuaries (Haaker 1975), but their prey 
may be selecting deeper habitats to avoid aerial or surface predators such as plunge diving 
birds. However, another possibility for not detecting either species underneath or near the 
pier is that the pier pilings could be attenuating the acoustic signal and thereby reducing 
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Fig. 4. Map of VPS-rendered positions of California halibut detected at Cabrillo Pier. Inset in upper 
right shows the Cabrillo Pier in the red box reference to the LA-LB Harbors. A.) Mean Pier selection index 
(+SEM) of California halibut by distance (5 m bins) using VPS rendered positions. B.) Mean reef selection 
index (+SEM) of California halibut by distance (5 m bins) using VPS rendered positions. Grey vertical line 
is the approximate distance of the bottom edge of the sand slope from Cabrillo Pier. The red line represents 
where fish randomly distributed would associate themselves; value above the red line equate to selection and 
value below the line indicate non-selection. 


geo-position estimates for detections closer to the pier. Both receivers placed underneath 
Cabrillo Pier had reduced detection efficiency compared to the other five receivers in the 
Cabrillo Pier VPS array; however, it is unlikely all signals were blocked, since receivers in 
another study placed on offshore oil platform jackets did not experience large reductions in 
receiver performance (Anthony et al. 2012; Mireles et al. 2019). Overall, this indicates that 
both species are most likely not selecting this habitat, but anglers may be catching these 
species by fishing in the deeper water away from the pier. 

Based on LA-LB Harbor-wide habitat characteristics, the area near Cabrillo Pier should 
provide suitable habitat for supporting white croaker (Ahr et al. 2015), and white croaker 
tagged at Cabrillo Pier were detected using the area for over a month. In addition, some 
white croaker with high levels of tissue contamination have been captured at Cabrillo Pier 
(Anderson et al. 2001), so it was expected to find individuals from other regions of the 
LA-LB Harbor using the areas around Cabrillo Pier. White croaker tagged in other areas 
of known sediment contamination within the LA-LB Harbors traveled to Cabrillo Pier; 
however, visitations were infrequent and those that were detected within the pier receiver 
array showed low affinity for the site. Previous movements studies have suggested that white 
croaker are nomadic (Farris et al. 2016; Wolfe and Lowe 2015), which is characterized by 
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Fig. 5. The number of days individual white croaker tagged at Cabrillo Pier (A) and other regions (C) 
were detected within the Cabrillo Pier receiver array. The duration of time (hr/d) white croaker tagged at 
Cabrillo (B) and other regions (D) spent at the pier when detected. The number of days individual California 
halibut were detected at Cabrillo Pier (E) and the duration of time (hr/d) they spent at the pier when 
detected (F). 


irregular movement behaviors that differ annually and are most likely the cause of inconsis- 
tent resource patches, periodic refuging from predators, or unsuitable environmental con- 
ditions (Berbert and Fagan 2012; Dean 1997; Lowe and Bray 2006). Thus, understanding 
and predicting white croaker movement patterns cannot only be a function of selecting for 
preferable habitat, but must incorporate individualistic patterns and unknown exogenous 
variables, which cause more movement variation. These unknown variables and nomadic 
behavior could explain why visiting white croaker moved on from Cabrillo Pier whereas 
those caught and tagged there remained for long periods of time. 

Though many of the white croaker tagged from areas of higher known sediment contam- 
ination did not visit or stay at Cabrillo Pier for appreciable periods of time, white croaker 
found with the higher levels of tissue contamination are likely coming from these contami- 
nated areas. Fish Harbor is the closest contaminated site to Cabrillo Pier and white croaker 
tagged in Fish Harbor had the highest probability of moving to Cabrillo Pier with five in- 
dividuals visiting Cabrillo Pier and one staying for more than an hour. Though further 
away from Cabrillo Pier, LAIH has the highest levels of contaminants within the LA-LB 
Harbors (Anderson et al. 2001). White croaker tagged within LAIH displayed the highest 
degree of site fidelity of any area within the LA-LB Harbors, with some individuals de- 
tected for > 5 mos (Farris et al. 2016). However, when individuals did leave LAIH, they 
were found to move to all regions of the LA-LB Harbors (Farris et al. 2016). As a result, 
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white croaker in the LAIH have the potential to accumulate unsafe levels of contaminants 
and then disperse these contaminants to other areas as well as up the food chain. 

No California halibut initially tagged in a known contaminated region were observed 
moving to Cabrillo Pier, and the greatest connectivity was observed between the outer LA- 
LB Harbor receivers. The lack of connectivity between contaminated regions and Cabrillo 
Pier could be a result of a relatively small inner LA-LB Harbor sample size (n = 6). How- 
ever, no California halibut (n = 36) tagged in outer LA-LB Harbor regions were detected 
moving into the inner harbor regions, suggesting that inner LA-LB Harbors could poten- 
tially have few resources for supporting an adult California halibut population. A translo- 
cation study of California halibut in southern Californian estuaries concluded that Cali- 
fornia halibut select for areas with higher prey delivery potential, where individuals were 
found to relocate from backwater areas of low flow to areas of high flow within 24 hrs of 
translocation (Freedman et al. 2015; Freedman et al. 2016). If California halibut do select 
for areas of high flow and greater prey delivery, then it would explain why none of the in- 
dividuals tagged in the outer LA-LB Harbors were detected by the inner harbor receivers, 
and why half those tagged in the inner regions left. Those individuals caught in the inner 
LA-LB Harbors potentially recruited to the area as larval fish and used the area as a nurs- 
ery. As California halibut grow they experience ontogenetic shifts in diet from more benthic 
associated invertebrates to more epibenthic and pelagic fishes. To sustain this diet of fish 
it is advantageous for California halibut to emigrate from the inner harbor and find areas 
that have increased prey delivery, resulting in a relatively small adult population within the 
inner LA-LB Harbors. Thus, the likelihood of catching individuals with potentially high 
levels of tissue contamination emigrating from the inner LA-LB Harbor regions may be 
relatively infrequent. 

This is the first known study to examine the influence of California fishing piers on the 
association and movements of fishes. This study only examined one pier within a large har- 
bor complex where other piers are available; pier habitat may be important to fish in areas 
where there is less vertical structure available or in non-protected habitats (e.g. piers on surf 
exposed beaches). Also, to understand the effectiveness of pier structure as habitat for fish, 
future research should use fish species that are known to associate with reef structure (e.g. 
Paralabrax spp., Sebastes spp.), since they should show a higher affinity for the structure 
provided by piers. Piers, both public and commercial, are integral parts of the waterfront, 
and understanding their influence as fish habitat should be included in future fish research. 
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Abstract.—This study utilized native chaparral and sage scrub shrubs planted in 
lightly irrigated greenbelts around homes to evaluate the impact on live fuel mois- 
ture content (LFMC) and predicted fire behavior. As to be expected LFMC varied 
markedly throughout the year being over 100% in winter in all species and treatments 
that included adjacent thinned native shrublands and untreated control shrublands. 
However, in the summer and fall there were marked differences between treatments. 
For most species lightly irrigated plants had the highest LFMC in the summer and 
fall, followed by thinned treatments and controls. These differences in moisture con- 
tent coupled with structural differences in the vegetation contributed to expected dif- 
ferences in flame length and rate of spread. Lightly irrigated native shrubs planted 
around homes can reduce fire hazard while possessing other desirable features of uti- 
lizing native vegetation. 


Losses of lives and property from wildfires have spiraled out of control in recent years 
and we need to address potential strategies for reducing the impact of fires that spread 
into urban communities (Keeley and Syphard 2019). Key to saving homes and lives is the 
‘defensible space’ around homes (Syphard et al. 2014; Penman et al. 2019). Ordinances 
are largely focused on reducing wildland fuels adjacent to homes. However, widespread 
clearing of native vegetation near homes (Fig. 1) impacts aesthetics, privacy, biodiversity, 
faunal attractiveness, and property values (Gibbons et al. 2018). 

Hazard reduction strategies involving options other than clearance, such as creation of 
‘greenbelts’ (Gardner et al. 1987; Kent 2005), are solutions not yet fully explored; green- 
belts of vegetation (1.e., widely space irrigated shrubs and trees) were applied in numerous 
sites and seemed to be effective at reducing fire hazard. Other studies have shown that the 
‘greenness’ (measured by the Normalized Vegetation Difference Index) near homes had the 
same effect as removing woody vegetation (Gibbons et al. 2018). This is effective primarily 
because fire behavior is markedly influenced by live fuel moisture content (LFMC), a mea- 
sure of the water content of vegetation (Dennison et al. 2008). For chaparral shrublands 
of southern California, when LFMC of shrubs is 60 - 80%, fire risk is considered to be 
high because the heat energy generated by a burning plant exceeds the energy needed to 
eliminate plant moisture, leaving excess energy to pre-heat adjacent plants and propagate 
a wildfire ( Weise et al. 1998, Stow et al. 2005, Dennison et al. 2010). There is empirical 
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Fig. 1. Example of an increasingly common type of fuel clearance around homes near Ramona in San 
Diego County (Photo Jon Keeley, USGS). 


evidence that LFMC will affect rate of fire spread in both laboratory and field studies 
(Rossa and Fernandes 2018). 

Greenbelts have often been favored because esthetically they are more pleasing than 
heavy clearance that removes much of the vegetation in belts around properties (e.g., 
Fig. 1). One of the downsides of greenbelts as often applied is that they commonly involve 
non-native species, and homeowners often move to the wildland-urban interface in order 
to experience natural settings. An alternative is to use native shrubs in landscapes around 
homes and maintain them with light watering during the summer. This allows yards with 
native flora but kept lightly irrigated during the fire season to potentially inhibit fire spread. 
This approach has been utilized in a number of landscaping projects in southern California 
(Rubin and Warren 2013). It has advantages over many standard greenbelt designs in that 
it uses native shrubs, which are most attractive to native fauna (Jeschke et al. 2014), adding 
to the wildland-urban experience. 

While there is anecdotal evidence of the effectiveness of such light irrigation of native 
plantings at reducing fire hazard (e.g., Pellizzoro et al. 2007), there is little in the way of 
experimental evidence. The purpose of this project was to test the efficacy of this technique 
at altering fire behavior in comparison with more commonly used shrub ‘clearance’ or 
‘thinning’ or with untreated native shrublands. 


Materials and Methods 


We utilized three home landscaping projects installed by California’s Own Native Land- 
scape Design Inc. (Escondido, CA) that had been installed at least 5 yrs prior to the exper- 
iment comprising shrub species native to the site and lightly irrigated (see below) through- 
out the dry season. Just beyond the property line were native shrublands that had been 
thinned in the years immediately before our experiment. Just beyond the thinned vege- 
tation was untreated native shrublands. Based largely on differences in live fuel moisture 
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Fig. 2. Aerial view of Ramona showing location of the three residences used for this study (Google 
Earth!™ image). These sites were on High Country Rd. (HCGY), Oak Grove Rd. (OKGR), and Rangland 
Rd. (RGLD) in the community of Ramona, San Diego County, CA. 


during the fire season we hypothesized that the lightly irrigated treatments would generate 
lower flame lengths and slower rates of fire spread than either unirrigated thinned treat- 
ments or untreated controls. 

Our experimental design was to monitor live foliage fuel moisture approximately every 
2 wks for 2.5 yrs on irrigated, thinned and untreated chaparral and sage scrub species at 
three sites. In addition, we quantified the extent of thinning by measuring areal coverage 
of thinned and untreated vegetation. Using these data, we modeled fire behavior with Fuel 
and Fire Tools software! for the two treatments and untreated controls. These modeling 
results were used to evaluate our hypothesis. 

The overall experimental design was to compare the predicted fire behavior in three loca- 
tions in San Diego county’s wildland-urban interface in order to evaluate the effectiveness 
of different approaches in creating defensible space at the WUI. The criteria for site selec- 
tion was a wildland-urban interface that included a residence adjacent to wildland open 
space. Three homes in northeastern San Diego County near Ramona California were se- 
lected for study (see Fig. 2). 

Ateach site, three study areas were established surrounding the house to include 1) native 
plants indigenous to the site were planted in an area 10 m from the home, 5-10 m wide and 
at least 30 m long (e.g., Fig. 3), 2) at least 30 m from the home a native natural sage scrub 
or chaparral shrubland area that had been thinned according to prescriptions commonly 
used for creating defensible space around homes, and 3) further from the home a control 
area of natural shrubland vegetation. All sites were more or less on level ground with slopes 
< 10%. 


https://www.fs.fed.us/pnw/fera/fft/index.shtml 
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Fig. 3. Example of summer lightly irrigated native vegetation (photo by Jon Keeley, USGS). 


The prescription for the lightly irrigated plantings was: Native shrubs indigenous to 
the site were planted roughly 10 m from the homes in a belt of approximately 5 m width 
surrounding the home extending 30-50 m. These were lightly irrigated during the summer 
months June to October, once every 10-14 days with a MP-Rotator!™ stream nozzles with 
rate of 9.75 mm equivalent precipitation per hour; this equated to 12.5 to 18.8 mm per 
month during the summer. 

The native shrubland vegetation outside the lightly irrigated vegetation were areas dom- 
inated by lower stature sage scrub and others with higher stature chaparral species. These 
areas were matched in the thinned and untreated areas and comprised the same sage scrub 
species, Eriogonum fasciculatum (California buckwheat) and dependent on the site the same 
chaparral component; Arctostaphylos glauca, Quercus berberidifolia and Malosma laurina. 

Data were collected on fuel structure within the three locations in order to select the 
appropriate fuel model for the fire behavior part of this study. Species composition varied 
between the three sites and although this adds to the variance in data, it provides a better 
picture of a range of responses in different settings. In general, each site comprised species 
characteristic of both sage scrub and chaparral. Structural characteristics were determined 
with a single 20 m line transect through each treatment in each vegetation type at each site, 
recording area of live and dead foliage and height for each species using the line-intercept 
method (Cox 1990). 

Species were selected for live fuel moisture content based on availability. At all three 
sites we sampled the semi-deciduous sage scrub Eriogonum fasciculatum. An evergreen 
chaparral shrub was also included but varied between sites: Arctostaphylous glauca at Site 
HCGY, Malosma laurina at Site OKGR, and Quercus berberidifolia at Site RGLD (See 
Fig; 2). 

LFMC was determined approximately every 2 wks for 2 yrs according to established 
procedures (Countryman and Dean 1979; Pollet and Brown 2007; Haase et al. 2016). 
Briefly, three terminal foliage samples were collected from each of the target species in each 
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Fig.4. Two anda half years of live fuel moisture content (LFMC) for the four species used in this study 
presented by treatment. 
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Fig. 5. Average LFMC for all collections from June - October 2017 for the four species. Error bars 
are the standard error of the mean and ANOVA gave a significant difference between treatments for all 
species, though the Bonferroni test showed: a) Eriogonum fasciculatum: P < 0.001, Irrigated = Thinned 
> Untreated, b) Arctostaphylos glauca: P = 0.004, Irrigated > Thinned > Untreated, c) Malosma laurina: 
P < 0.001, Irrigated > Thinned > Untreated, and d) Quercus berberidifolia: P = 0.04, Irrigated = Thinned 
> Untreated. 


treatment at each of the three sites. These samples were stored in pre-weighed airtight tins 
and returned to the lab and weighed. The lids were removed and dried to constant weight 
in a forced convection oven and reweighed. Samples were collected at the same time each 
day after morning dew had dissipated (between 11AM and 2 PM). Live fuel moisture was 
calculated as a percentage of dry weight, as follows: 


Live fuel moisture (%) = 
(( (wet wt — tin weight) — (dry wt —tinwt)) / (dry wt — tinwt)y 100) 


Summer and fall data were compared across treatments with ANOVA and the Bonferroni 
test for separating treatments. 

Expected fire behavior was modeled for each of our treatments using the Fuel and 
Fire Tools software application that allows the input of site specific vegetation and fu- 
els data as well as various environmental characteristics including fuel moisture, slope, and 
wind speed. The vegetation data from our treatments that we incorporated into the model 
(Appendix I) included the overall average height and percentage live and dead cover of 
vegetation in each treatment as well as the relative cover of each species present based on 
the line-transect data. We did not collect data on fuel moisture of downed woody fuels and 
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Fig. 6. Predicted flame length for the dry season for a) Eriogonum, error bars are the standard error of 
the mean across the three sites, b) Arctostaphylos, c) Malosma, and d) Quercus sites for the three treatments. 


therefore accepted the default values associated with these specific vegetation types that 
are included in the model. 


Results 


As to be expected LFMC varied markedly throughout the year nearly always over 100% 
in winter in all species and treatments (Fig. 4). Summer and fall patterns were of particular 
interest as this is the time of most wildfires in the region. These warm season LFMC varied 
between treatments and species (Fig. 5). For the sage scrub species Eriogonum fasciculatum 
it was not significantly different between irrigated and thinned treatments but these were 
higher than untreated controls (Fig. 5a). Evergreen species had the highest LFMC in irri- 
gated plants, followed by thinned and then controls for Arctostaphylos glauca and Malosma 
laurina (Fig. 5b, c). These species, however, differed significantly in LFMC, with irrigated 
M. laurina having over double that of irrigated A. glauca. Quercus berberidifolia showed 
no difference between irrigated and thinned shrubs but they were slightly higher than con- 
trols (Fig. 5d). In short, during the warm season untreated controls had lower LFMC 
than treated plants for all for target species. Only the two evergreen shrubs A. glauca and 
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Fig. 7. Predicted rate of fire spread for the dry season for a) Eriogonum, error bars are the standard 
error of the mean across the three sites, b) Arctostaphylos, c) Malosma, and d) Quercus sites for the three 
treatments. 


M. laurina had higher fuel moisture in irrigated over thinned plants; for E. fasciculatum 
and Q. berberidifolia there was no difference between irrigated and thinned plants. 

At all sites chaparral was markedly taller than the sage scrub but within a site for cha- 
parral and sage scrub, heights were roughly similar across treatments (Appendix I). Veg- 
etative cover was similar between controls and irrigated plantings and markedly lower in 
thinned treatments. 

Our fire behavior models were run for each site separately but the general patterns of 
treatments were similar for Eriogonum fasciculatum and these results were combined for 
all sites (Fig. 6a) and compared with the evergreen species at their single sites (Fig. 6b-d). 
Untreated controls would be expected to have higher flame lengths and this was true for 
all species (Fig. 6). However, thinned plots with their much lower biomass were predicted 
to have the lowest flame lengths. Irrigated treatments, however, seemed to stand out most 
in the lower rates of fire spread (Fig. 7). Fuel structure played an important role in that the 
fine fuels in Eriogonum (Fig. 7a) contributed to the fast rate of spread. 
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Fig. 8. Predicted flame lengths for changes in slope given the conditions present at the a) Eriogonum 
and b) chaparral sites, and for changes in wind speed at the c) Eriogonum and d) chaparral sites. 


Using these scenarios, we asked the question how changes in slope and wind speed would 
alter these patterns. For Eriogonum sites and chaparral sites under these conditions, it is ap- 
parent that slope had only a minimal impact on flame length (Fig. 8a & b). Windspeed on 
the other hand had a much greater impact on flame length and this was most pronounced 
in the finer fuels of the sage scrub Eriogonum (Fig. 8c). Rate of fire spread followed a similar 
pattern (Fig. 9) with slope playing far less of a role than wind speed. 


Discussion and Conclusions 


Reducing housing losses at the wildland-urban interface often requires clearance of veg- 
etation around the structures, however, there is growing evidence that maintaining natural 
landscapes of green woody shrubs and trees can be compatible with reducing fire haz- 
ard (Gibbons et al. 2018). This is important because it provides homeowners options of 
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Fig. 9. Predicted rate of fire spread for changes in slope given the conditions present at the a) Eriogonum 
and b) chaparral sites, and for changes in wind speed at the c) Eriogonum and d) chaparral sites. 


how they can produce esthetically pleasing landscapes around homes and yet still provide 
some level of fire protection. Greenness of vegetation around homes has been shown to 
be associated with a reduced loss from wildfires (Gibbons et al. 2018), and there are sev- 
eral possible explanations for this pattern. Greenbelts around home often have reduced 
levels of flammability but other possibilities include a potential role for green trees acting 
as ‘ember-catchers’ particularly in wind-driven fires (Keeley and Syphard 2019). 

The present study examined greenbelts that utilized native shrubs that were the same 
species as surrounding wildland vegetation but were lightly irrigated during the summer 
drought. We showed that live fuel moisture during summer and fall were typically higher 
in these irrigated shrubs than in adjacent unirrigated shrubs of the same species and using 
these data fire behavior models suggested these native shrub landscapes provided a level of 
fire protection. 
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For all species, both sage scrub Eriogonum fasciculatum, and chaparral species, flame 
length and rate of spread were lower than untreated adjacent chaparral. When this vegeta- 
tion was thinned rate of fire spread was still higher than the irrigated treatment in three 
of the four species. However, there was no improvement in flame lengths by irrigating 
these species. Thus, thinning natural vegetation has variable benefits in terms of reduc- 
ing fire hazard and in some respects may be no different than lightly irrigated treatments. 
However, one important distinction is that homeowner preference of lightly irrigated green 
native vegetation during the summer over the dried thinned native vegetation. 

There are clearly species differences in the role of irrigation in affecting summer-fall 
LFMC and these have impacts on fire behavior. Indeed, this study contributes to a need 
for studies that link LFMC to fire behavior (Weise et al. 1998; Pimont et al. 2019). Species 
differences observed in this study follow patterns observed by Pivovaroff et al. (2019). Both 
studies showed that during the dry season Malosma laurina had the highest LFMC of 
all species tested and Pivovaroff et al. (2019) showed this was linked to the least negative 
foliage water potentials. These patterns potentially are tied to the very deep root systems 
of this species that allows access to deep underground water during the dry season. 

In summary, there is evidence that lightly irrigated native shrub landscaping can meet 
many desirable outcomes. Using native vegetation that has a long legacy on this landscape 
is potentially more compatible with the native fauna in the region (Jeschke et al. 2014, 
Tallamy and Shropshire 2009). For example, native plants can maintain greater diversity 
of insects that have direct and indirect benefits and can affect populations at other trophic 
levels (Narengo et al. 2018). Pollination webs are potentially greater as well as diversity 
of dispersers, both of which play important ecosystem processes. These lightly irrigated 
native landscapes consume far less water than more traditional landscaping (Rubin and 
Warren 2013) and these plants maintain higher LFMC during the dry season, contributing 
to reduced fire risk. 
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Structural data for fire modeling for the three treatments at the three sites for both cha- 
parral and sage scrub species. 


Treatment 
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moisture 
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